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ABSTRACT
Until recently, black holes (BHs) could be discovered only through accretion from other stars in
X-ray binaries, or in merging double compact objects. Improvements in astrometric and spectro-
scopic measurements have made it possible to detect BHs also in non-interacting BH binaries (nBHB)
through a precise analysis of the companion’s motion. In this study, using an updated version of
the StarTrack binary-star population modelling code and a detailed model of the Milky Way (MW)
galaxy we calculate the expected number of detections for Gaia and LAMOST surveys. We develop a
formalism to convolve the binary population synthesis output with a realistic stellar density distribu-
tion, star-formation history (SFH), and chemical evolution for the MW, which produces a probability
distribution function of the predicted compact-binary population over the MW. This avoids the addi-
tional statistical uncertainty which is introduced by methods which Monte Carlo sample from binary
population synthesis output to produce one potential specific realisation of the MW compact-binary
distribution, and our method is also comparatively fast to such Monte Carlo realisations. Specifically,
we predict ∼ 41–340 nBHBs to be observed by Gaia, although the numbers may drop to ∼ 10–70 if the
recent (. 100 Myr) star formation is low (∼ 1M yr−1). For LAMOST we predict . 14 detectable
nBHBs, which is lower partially because its field-of-view covers just ∼ 6% of the Galaxy.
Subject headings: stars: black holes, gravitational waves, binaries: general, methods: numerical, meth-
ods: statistical, astronomical databases: miscellaneous
1. INTRODUCTION
Black holes (BH), by definition, are very hard to de-
tect electromagnetically 1. Recently, the Event Horizon
Telescope collaboration has detected a silhouette of a
super-massive BH (Event Horizon Telescope Collabora-
tion et al. 2019) and merging BHs have been detected
through gravitational wave emission (Abbott et al. 2016).
Some methods like microlensing (e.g. Minniti et al. 2015;
Wyrzykowski et al. 2016; Wyrzykowski & Mandel 2019;
Wiktorowicz et al. 2019b; Masuda & Hotokezaka 2019)
or accretion from dense interstellar medium (e.g. Tsuna
et al. 2018) provide a way of detecting free-floating BHs.
BHs bound in binaries may be detected through inter-
actions with their companion stars. If the separation is
small enough that the companion is able to fill its Roche
lobe (RL) during its evolution, stable mass transfer (MT)
may occur and the system will become observable as an
X-ray binary (e.g. Novikov & Zel’dovich 1973; Wijnands
& van der Klis 1998; Zdziarski & Gierlin´ski 2004; Gil-
fanov 2004; Z˙ycki & Niedz´wiecki 2005; Maccarone et al.
2005; Fabbiano 2006; Middleton et al. 2012; King & La-
sota 2014; Tetarenko et al. 2016), although some sys-
tems can be hard to detect due to low luminosities (e.g.
Menou et al. 1999). When the separation (a) is larger the
MT through Roche lobe overflow (RLOF) cannot occur,
1 Theoretically, they produce Hawking radiation (Hawking 1974,
1975)
but the X-ray emission may be powered by wind accre-
tion. However, the mass transfer through stellar wind is
typically small (but see e.g. Mohamed & Podsiadlowski
2012; Liu et al. 2013; El Mellah et al. 2019) and the emis-
sion is in general weaker than from RLOF-fed systems.
Nonetheless, even in the absence of interactions, the or-
bital motion of the visible star detected either astromet-
rically, or spectroscopically, may indicate the presence of
an invisible companion (e.g. Casares et al. 2014; Giesers
et al. 2018; Liu et al. 2019a; Thompson et al. 2019). If,
additionally, the mass of the hidden object is estimated
to be large (M & 3M), then we have a strong claim for
a BH, because a regular star of such a mass should be
very luminous (e.g. Karpov & Lipunov 2001; Yungelson
et al. 2006). Detection these non-interacting BH binaries
(nBHB) in ongoing and future surveys is a promising way
of estimating the BH population of our Galaxy.
Gaia mission of the European Space Agency (Gaia Col-
laboration et al. 2016b) with its unprecedented astromet-
ric precision and number of observed stars will provide a
perfect database for a variety of statistical studies. Gaia
scans the entire sky over the period of 5 years and delivers
multi-epoch photometric and astrometric observations of
more than a billion stars. Regular subsequent data re-
leases (Gaia Collaboration et al. 2016a, 2018) have pro-
vided, among many other products, positional parame-
ters (positions, parallax and proper motions) for nearly
all monitored stars, however, the individual time-series
of the astrometric data will be released in the final data
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2release, opening a new vault for scientific exploration.
Gaia astrometry was already claimed to be useful in de-
tecting invisible companions (e.g. Gould & Salim 2002;
Tomsick & Muterspaugh 2010; Barstow et al. 2014; Igo-
shev & Perets 2019).
Kawanaka et al. (2017) and Mashian & Loeb (2017)
made a proof-of-concept analytical estimation of the ex-
pected number of nBHBs systems potentially detectable
by Gaia through its 5-year long mission. Yamaguchi
et al. (2018) improved significantly their methodology
considering, particularly, an interstellar absorption and
obtained prediction of 200 - 1000 nBHBs discoverable in
the Gaia data. The method was further employed by Ya-
linewich et al. (2018), who added the treatment of natal
kicks (NK; e.g. Herant 1995; Hobbs et al. 2005; Fryer
& Kusenko 2006; Fryer & Young 2007; Kuznetsov &
Mikheev 2012), binary fraction and simple spacial distri-
bution model obtaining a prediction of 50 – 150 nBHBs.
All the previous research, however, suffer from a sig-
nificant drawback which is the lack of any treatment of
binary interactions which may affect the predecessors
of nBHBs (Wiktorowicz et al. 2019b). The first study
of these which included binary interactions through
employing the population synthesis (PS) method was
Breivik et al. (2017) who derived an estimate 3, 800 –
12, 000 nBHBs, depending on the assumed Gaia astro-
metric precision. Additionally, their work included an
improved Milky Way (MW) model, and took into ac-
count that we actually observe projected orbits. Re-
cently, Shao & Li (2019) performed a similar calcula-
tion using different code and model assumptions and es-
timated several hundred potential detections for Gaia.
Another way of detecting BH companions in nBHBs
is the measurement of radial velocity (RV) varia-
tions through spectroscopic observations (e.g. Trimble &
Thorne 1969; Giesers et al. 2018; Khokhlov et al. 2018;
Makarov & Tokovinin 2019; Thompson et al. 2019). One
of the contemporary instruments devoted to spectroscop-
ical observations is LAMOST, which has 4000 fibers and
can take spectra of thousands of stars in a single ob-
servation. Therefore, it is perhaps the best instrument
that can be used to search for spectroscopic binaries by
monitoring numerous stars over a long period.
Recently, Gu et al. (2019) used LAMOST DR6 and
investigated 6 red giants (RG) with detected high (>
80 km s−1) RV variations. Their results show that on the
base of available data the presence of a BH primary can-
not be rejected for all of these stars. The same type
of systems was a target of Zheng et al. (2019) study
which utilized LAMOST data supported by ASAS-SN
photometry, but also with no clear detections. Yi et al.
(2019) calculated the predicted detection rate of nBHB
by LAMOST. They used a method similar to Mashian
& Loeb (2017) and have used simple substitutions to bi-
nary formation and stellar evolution process, meanwhile
totally ignoring the binary interactions. Their result
claimed 50–400 nBHB potentially observable by LAM-
OST.
In this work we want to significantly improve previous
predictions using publicly available2 models of BH pop-
ulations in different stellar environments (Wiktorowicz
et al. 2019b, hereafter W19). We predict the number of
2 https://universeathome.pl/universe/bhdb.php
nBHBs present in the MW galaxy with a particular at-
tention put to these which will be observable by Gaia and
LAMOST. In Section 2 we describe the utilized database,
model for the MW galaxy, and limitations that were im-
posed on the synthetic results in order to obtain observa-
tional predictions. Section 3 is dedicated to the presenta-
tion of the results and comparison of different models. In
Section 4 we compare our results with previous studies
and discuss the problem of interpreting an observation
as an nBHB. The summary is provide in Section 5.
2. METHODOLOGY
2.1. Binary evolution models
We use the publicly available database of BHs in dif-
ferent stellar environments (W19). Their calculations
were performed with the recent version of the StarTrack
population synthesis code (Belczynski et al. 2002, 2008,
2020a). We take 18 models from this database: six of
their main models: STD, SS0, NKR, NKBE, flat IMF,
and steep IMF, which were calculated for solar metal-
licity (Z = Z = 0.02), and the same models but with
different values of metallicity (Z = 10%Z = 0.002, and
Z = 1%Z = 0.0002)3. This allowed us to account for
the metallicity distribution in the Galaxy for each of the
models. From now on, where we talk about a particular
model, we talk about three metallicity models combined.
Below, we summarise the most important properties of
the models (W19, see Tab. 1 and Sec. 2 for further de-
tails).
W19 performed simulations of homogeneous popula-
tions of stars with the same initial metallicity and no
imposed SFH. Their results may be therefore used as
”building blocks” for more complicated stellar systems
like galaxies, what we do here for the MW galaxy. The
binaries were evolved in isolation what is a justified ar-
gument for such sparse stellar systems like galactic disks
(although see Klencki et al. 2017). We note, that inter-
actions between stars and binaries can be important in
dense stellar systems like the galactic nuclei, or globu-
lar clusters (e.g. Morawski et al. 2018). The interactions
between stars in binaries, which were included in the
simulations of W19, may in general affect the evolution
of an nBHB predecessor. Such interaction include tidal
interactions, NKs imparted on the compact object after
formation, MT phases, CE, etc. All of them, especially
NKs, may change the properties of the population signif-
icantly and cannot be neglected.
2.2. Milky Way model
The detailed structure of the MW and, especially, its
past evolution is still not well constrained. The MW
galaxy is believed to have a complex structure similar to
a barred spiral galaxy. The main components consist of
a thin disk and a thick disk, a bulge, and a halo. The
observations proved that different components differ not
only in the spatial distribution of stars, but also in the
SFH and chemical composition. Here, we model each of
the mostly homogeneous components separately in order
to obtain a realistic model of the MW and its history.
3 Specificly, models: std, SS0, NKr, NKbe, flatIMF, steep-
IMF, lowZ, lowZ SS0, lowZ NKr, lowZ NKbe, lowZ flatIMF,
lowZ steepIMF, midZ, midZ SS0, midZ NKr, midZ NKbe,
midZ flatIMF, midZ steepIMF.
3TABLE 1
Models of the Milky Way components
component Mtot [M] SFR [
M
yr
] tSF,start–tSF,end [ Gyr] Z
dN
dV
thin disk 4.7× 1010 4.7 10–0 Z exp
(−(a/5)2)− exp (−(a/3)2) if tage ≤ 0.15 Gyr
exp
(
−√0.25 + (a/2.53)2)+
− exp
(
−√0.25 + (a/1.32)2) if tage > 0.15 Gyr
thick disk 5× 109 2.5 11–9 Z/10 exp(−R−R2.5 ×
(
1− z2
0.8
)
if |z| ≤ 0.4
exp
(
−R−R
2.5
)
× 1.32× exp
(
− |z|
0.8
)
if |z| > 0.4
halo 1× 109 0.5 12–10 Z/100
(
0.5
R
)−2.44
if a ≤ 0.5(
a
R
)−2.44
if a > 0.5
bulge 9.1× 109 2.3 / 0.45 12–10 / 10–0 Z exp
(−0.5× r2s ) if R ≤ 2.54
exp
(−0.5× r2s )× exp(−2 (R− 2.54)2) if R > 2.54
Note. — Table presents the model Milky Way components used for the presented study. Presented are: Mtot - total stellar mass of the
component; SFR - star-formation rate; tSF,start/end - look-back time of the start and end of star formation episode, which is also the range
of ages of the stars in the component; Z - metallicity (Z = 0.02 is the solar metallicity); dN/dV - normalised number density of stars
(based on Robin et al. 2003); x, y, z - galactocentric position coordinates in kpc (solar position was assumed to be at x, y, z=8.3,
0, 0); R = 8.3 is the distance of the Sun from the Galactic center in kpc; R =
√
x2 + y2; a =
√
R2 + z2/2, where  = 0.0551 for the
thin disk and  = 0.76 for the halo; rs =
√[
(x/1.59 kpc)2 + (y/0.424 kpc)2
]2
+ (z/0.424 kpc)4; SFR was assumed to be constant during
the star formation phase. The values for SFR and tage were taken from Olejak et al. (2019). For the bulge, there are two star formation
episodes
The usefulness of describing complex stellar systems with
small building blocks was already pointed out by Bahcall
& Soneira (1981)
In Table 1, we present the model used for the spatial
distribution of stars in the Galaxy. We use normalised
stellar number density distributions of stars provided by
Robin et al. (2003) as a proxy for the spacial distribu-
tions of nBHBs. Table 1 provides also metallicities and
SFHs (both star formation rates and intervals), which
are slightly simplified version of these in Olejak et al.
(2019, hereafter O19). The modification of their metal-
licity distribution is motivated by the range of models
available in Wiktorowicz et al. (2019b). O19 based their
model on observational data (e.g., Bullock & Johnston
2005; Soubiran & Girard 2005) and cosmological simu-
lations (e.g. Kobayashi & Nakasato 2011) and it treats
the chemical evolution in more detail. We note that, the
SFH in the Galaxy is actually poorly known and may
differ by an order of magnitude depending on the obser-
vational method used for the constraints (e.g. Chomiuk
& Povich 2011).
The duration of SF in our model is exactly the same
as in O19. The SF rate in the thin disk we choose to
be constant (Mutch et al. 2011, but see Romano et al.
2010) and equal 4.7M yr−1 so that the total mass of
the disk (thin and thick) is 5.2 × 1010M (c.f. 5.17 ×
1010M Licquia & Newman 2015). As far as the bulge
is concerned, we slightly lowered the SF rate during the
constant star formation phase to 4.5M yr−1, in order
to get the total mass of the bulge equal 9.1 × 109M
(c.f. Licquia & Newman 2015). Also, we chose the SF
rate in the halo to be higher, so the total stellar mass is
1×109M to account for recent measurements using the
Gaia data (e.g. Belokurov et al. 2018; Helmi et al. 2018).
The metallicity distribution in the disk is chosen to be
constant during the cosmic time in contrast to O19 who
provide a relation between the metallicity and the stellar
age. We also change the metallicities in MW compo-
nents to fit models available from W19. Specifically, we
choose the thin disk to have solar metallicity Z = Z
regardless of the age of stars. The thick disk metallicity
is chosen to be Z/10 which is ∼ 2 times lower than
in O19. For the bulge, we assume the solar metallicity
both during the burst and during the following constant
SF. The metallicity in the halo we adopt as constant and
equal Z/100 through the duration of SF, which is as-
sumed to have occurred in single SF burst ∼ 10 Gyr ago,
what is in agreement with recent estimations made using
Gaia data (e.g. Helmi et al. 2018; Matteucci et al. 2019).
See O19 and references in it for more details.
We choose to impose an outer limit on the Galaxy at
the distance Rlim = 30 kpc from its center. It is moti-
vated by observations (e.g. Sesar et al. 2011) which show
that at Rlim ≈ 30 kpc the density gradient becomes very
steep. The halo may actually extend to hundreds of
kpc, but the fraction of stellar mass outside of Rlim is
negligible and, actually, few stars are found outside of
R = 15 kpc.
Although it was shown that the disk and the halo
may exchange mass Fox et al. (e.g. 2019), no MT be-
tween the Galactic components is included explicitly in
our model. Undetected mass exchange may affect the
SFH, but the presented analysis, which depends solely
on the rate of SF, not its sources, is unaffected by this
process. Also, mass accretion from intergalactic medium
(e.g. Oort 1969) is neglected.
We assumeR = 8.3 kpc (Gillessen et al. 2009; de Grijs
& Bono 2016). The thin disk mass estimation is very
sensitive to the chosen value of R (Bovy & Rix 2013),
so we choose a value consistent with Robin et al. (2003).
For practical reasons, we assume that the Sun is located
at the galactic plane (z = 0). The Sun may actually
reside slightly above the Galactic plane (e.g. z ≈ 20 pc;
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Fig. 1.— The fraction of the MW galaxy component stellar mass
(fgal) within the distance D from the Sun in the Gaia (solid lines)
and LAMOST (dashed lines).LAMOST field of view is limited to
declinations−10◦ – 65◦ and right ascensions 0◦ – 280◦ which covers
∼ 5–7% of the Galaxy. Different lines represent different Galactic
components (see Table 1).
Yoshii 2013), but such a small deviation will not influence
our results noticeably. Also, we choose the location of
x-axis and y-axis in the employed Cartesian coordinate
system is such a way that x = 8.3 kpc and y = 0.
For the purpose of this study and to facilitate fu-
ture research we have calculated cumulative distributions
of stellar mass as a function of distance from the Sun
(fgal) with the division on different Galactic components
(Fig. 1). Precisely,
fgal,Gaia(< D) =˚
√
(x−x)2+y2+z2<D
dN
dV
(x, y, z)dxdydz,
fgal,LAMOST(< D) = (1)˚
√
(x−x)2+y2+z2<D
δ∈[−10◦,65◦]
α∈[0◦,280◦]
dN
dV
(x, y, z)dxdydz,
where dN/dV is the stellar number density defined in
Table. 1, D is the distance from the Sun, and the in-
tegration goes over a sphere centered at the Sun ~r =
(x, y, z) = (8.3 kpc, 0, 0). We assumed that the edge
of the Galaxy is located at Dmax = 30 kpc from the
Galactic Center and no stars are present outside of this
radius (see e.g. Sesar et al. 2011). As LAMOST observes
only a fraction of the sky, fgal for LAMOST is always
lower than for Gaia fgal,Gaia , which observes the entire
sky, LAMOST’s limited field of view (declinations −10◦
– 65◦ and right ascensions 0◦ – 280◦), which covers only
5–7% of the Galactic stars depending on the Galactic
component (except the bulge where the fraction is ∼ 0%,
see Table. 2), must be included in the integration. The
low fgal for LAMOST results mainly from not having
TABLE 2
LAMOST field of view
component fraction
thin disk 0.055 if tage ≤ 0.15 Gyr
0.068 if tage > 0.15 Gyr
thick disk 0.067
halo 0.059
bulge . 10−6
Note. — The star number fraction of each Galactic component
observable by LAMOST. tage is the age of stars in the component.
In contrast to Gaia, LAMOST is able to observe only a part of
the sky where declination is δ ∈ [−10◦, 65◦] and right ascension
α ∈ [0◦, 280◦], which results in ∼ 5–7% of each Galactic component
being in the field of view, except the bulge, which is totally outside
of LAMOST’s observational capabilities (a non-zero fraction results
only from the lack of any strict size limit imposed on the Bulge
while using the density formula (Table 1), but has no effect on the
results).
the bulge and its surroundings (Galactic Center coordi-
nates: δGC = −29◦ and αGC = 195◦) in its field of view,
where the stellar density is the highest. We note, that
fgal for LAMOST is not just a scaled down fgal for Gaia
and, when normalized, have a generally different shape.
It comes from the fact that the stellar density changes
differently with distance depending on the direction of
observation. The exemplary case is the direction toward
the Galactic center and in the opposite direction.
2.3. Observational cut
In a widely utilized approach, the observational cuts
are obtain by sampling the spatial distributions and any
other relevant distributions (e.g. distribution of orbital
orientations) for all the objects in a relevant population
and checking if the objects on which such parameters
are imposed are observable, i.e., complies to all the lim-
itations of a chosen instrument. Such an approach can
potentially lose a lot of information about the systems,
because only some configurations are tested. In most
cases these are the most typical parameters which is what
we wanted. However, some rare configurations may oc-
cur by chance, which will give a high weight to systems
which in real situation are very rare. Typically, many ex-
ecutions of Monte Carlo based algorithms are necessary
in order to obtain a satisfactory precision and get rid of
these“artefacts”.
Here, we present a novel approach to calculate the esti-
mated number of observed sources from population syn-
thesis (PS) results which is free of the above problems.
The basic idea is to change the sampling of distributions
(typical for Monte-Carlo-based methods) by calculating
a probability that a particular system resulting from the
PS simulation will be observable. The sum of all proba-
bilities calculated in this way gives the expected number
of sources from a simulation. When multiplied by the
scaling factor (fscale, see below) the expected number of
sources in an observed population is obtained. The main
strength of this approach is that the procedure produces
significantly smaller statistical uncertainties originating
only from numerical integration. Therefore, it allows to
focus on model and observational uncertainties. Below,
we present how this approach can be applied to provide
estimations for Gaia and LAMOST.
52.3.1. Procedure for Gaia
To ensure that all orbits are complete, we limit the
periods to Porb,max = 5 yr. We note that orbital pa-
rameters may be obtained even for incomplete orbits
when the observed arc covers at least 75% of the or-
bit (Aitken 1918). Recently, Lucy (2014) reported that,
using Bayesian analysis it is possible to obtain orbital
parameters when the orbit coverage is as low as ∼ 40%.
Such incomplete orbits may potentially increase the num-
ber of predicted detections, but are not analysed in this
study.
The estimated number of systems visible by Gaia can
be obtained through the following formula:
NnBHB,Gaia =∑
nBHBs
ˆ
∆tnBHB
dt
ˆ acomp
bcomp
daprojP (aproj)fwP (d ≤ dmax)),
(2)
where the summation goes through all the nBHBs ob-
tained from the PS simulations (W19). Parameters of
the binary (a,e,MBH, Mcomp, Z, L, etc.) are obtain from
the PS results and in general depend on time t. ∆tnBHB
is the time spent by the system as an nBHB. In general
case, the parameters of the system may change during
an nBHB phase and there can be more than one nBHB
phase divided by interaction phases like MT or CE. The
integral over the evolutionary time (t) includes these bi-
nary parameter changes.
The observed orbit is the orbit of the companion whose
semi-major axis (acomp) relates to the binary separation
(a) as acomp = aMBH/(MBH +Mcomp), where MBH and
Mcomp are the mass of the BH and its companion, respec-
tively. aproj is the semi-major axis of the projected orbit
on the plane perpendicular to the line of sight and in-
cluding the original orbit’s center-of-mass (we mark this
plane as pobs). The plane of the original orbit (porb) is in
general inclined to pobs. To include the projection effect,
we calculate the projected orbit on pobs as (c.f. Murray
& Dermott 1999)
~robs = ~r
(
cos(ω + f)
sin(ω + f) cos(i)
)
, (3)
where r = a(1 − e2)/(1 + e cos f) describes the original
orbit for a parameter f , ω is the position of the periapsis
in porb plane, and i is the inclination
4 (i = 0 for face-on
orbits). The projected orbit has, in general, a different
eccentricity and separation than the original one. We
calculate aproj as the semi-major axis of the projected
orbit.
The semi-minor axis of the companions orbit (bcomp =
acomp
√
1− e2) and its semi-major axis (acomp) are the
minimal/maximal possible values of aproj. The probabil-
ity distribution of aproj (P (aproj)), which depends on the
original orbits semi-major axis (a) and eccentricity (e), is
calculated numerically (see Fig. 2). P (aproj) is non-zero
only for aproj ∈ [bcomp, acomp]. We calculate P (aproj) nu-
merically using Eq. 3 and assuming that the positional
angle of periapsis is distributed uniformly between 0 and
4 here we define inclination as an angle between the normal to
orbital plane and the direction towards the observer
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Fig. 2.— The probability distribution for the ratio between the
separation of the projected orbit (aproj) and the separation of the
original orbit (a) for a few example values of eccentricity (e). All
orientations of the original orbit are assumed to be equally proba-
ble.
2pi, whereas the inclination has a probability distribution
of P (i) = 0.5 sin i.
Weight fw, which is frequently used for the results of
PS simulations, is calculated as
fw = fscale fSFH fMWC(Z), (4)
where fscale = MMW/Msim is the scaling factor from the
simulated stellar mass Msim to the mass of the Milky
Way galaxy (MMW = 6.08×1010M; Licquia & Newman
2015). Msim = 4.8 × 108M for all the models except
steep IMF and flat IMF, for which it is 1.1×109M and
2.4×108M, respectively. fSFH is a probability that the
system will be observed currently, i.e. that it was formed
tage years ago. In the case of the model used in this
study (Sec. 2.2), in which the star formation is constant
between tSF,start and tSF,end (the values are provided in
Table 1 for all MW components), it can be calculated as
fSFH =
max(0,min(tage + dtage, tSF,start)−max(tage, tSF,end))
tSF,start − tSF,end ,
(5)
which is the fraction of the stellar mass formed within
[tage, tage + dtage], where dtage is the evolutionary time
step from PS (The integral over the nBHB phase dura-
tion gives ∆tnBHB used in Eq. 2). For more general ap-
proach to calculating fSFH see Wiktorowicz et al. (2019a,
Eq. 8).
fMWC(Z) is a fraction of the MW mass in a Galactic
component which has a metallicity Z. According to our
MW model, the values of fMWC are equal to Mtot/MMW,
where value of Mtot are provided in Table 1, for binaries
with metallicity Z equal to the metallicity of the MW
component (Z it Table 1). fMWC is zero for binaries
with different metallicity.
Finally, P (d < dmax) is a probability that a randomly
located nBHB (accordingly to spatial distributions in Ta-
ble 1) will have a distance to the observer lower than
dmax, which is a maximal distance at which the compan-
ion is visible for Gaia. dmax = min(dastro, dphoto). The
limit dastro comes from the fact that the apparent size of
the orbit (aproj) must be large enough to enable detec-
6tion by Gaia. The angular size of the orbit is calculated
as α = aproj/d = 4.65µas(aproj/R)(d/ kpc)−1, where d
is a distance to the binary. We assume that only systems
for which α > σG, where σG depend on the objects ap-
parent luminosity m (Gaia Collaboration et al. 2016b),
will be detectable by Gaia. Consequently, dastro comes
as a solution to dastroσG(m(dastro, L)) = aproj, where L is
the companions luminosity and the apparent magnitude
m is calculated as
m = 5 log10
((
d
kpc
)(
L
L
)− 12)
+ d+ 14.83, (6)
where we take into account the interstellar extinction as
A(d) = d/ kpc (Spitzer 1978, assuming that the Gaia G
band is nearly equal to V band). We note that the ex-
tinction is expected to saturate at large distances (e.g.
Sale et al. 2009) and to be smaller for higher galactic
latitudes (e.g. Marshall et al. 2006), however, these ef-
fects affect mostly the remote parts of the disk and halo
were only a minor fraction of the Galactic stars are lo-
cated. Therefore, we use here the simple formula and
plan to investigate the effects of extinction in more de-
tail in future work. dphoto is the photometric distance,
i.e. distance at which the apparent magnitude of the
companion becomes equal to the photometric limit of
Gaia (mlim,Gaia = 21) and can be calculated as a solu-
tion to m(dphoto, L) = mlim,Gaia .
After we calculate dmax, the P (d < dmax) can be cal-
culated assuming that the spatial distribution of nBHBs
follows the spatial distribution of stars. Then, this prob-
ability is equal to the fraction of the Galactic mass within
the sphere centered on the Sun and radius r = dmax, i.e.
P (d < dmax) = fgal(dmax) (Fig. 1)
2.3.2. Procedure for LAMOST
In the case of LAMOST, in our analysis we have in-
cluded only stars located in the LAMOST field of view
(about ∼ 6% of all stars in the Galaxy; Table 2). As
LAMOST is expected to operate longer than Gaia we
chose the maximal orbital period as 10 yr for binaries.
As LAMOST is a spectroscopic survey, the procedure is
different than for Gaia, however, the general idea stays
the same. We calculate the expected number of detec-
tions as
NnBHB,LAMOST =∑
nBHBs
ˆ
∆tnBHB
dtP (∆RV > RVerr)fwP (d ≤ dphoto)fvisible.
(7)
Similarly to the Gaia procedure (Sec. 2.3.1), we sum the
results for all the binaries in the database and integration
goes over the nBHB phase (∆tnBHB). fw is calculated in
the same way as for Gaia (Eq. 4). The other factors are
described below.
The change of RV observable by LAMOST has to be
higher than the RV error which is equal to RVerr =
10 km s−1 for OB stars and lower for fainter stars (Bai
et al. in prep.) We calculate a probability that RV of
a randomly orientated orbit is higher than this limit as
P (∆RV > RVerr). For any orbital orientation, the RV
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Fig. 3.— The probability distribution of RV variations (∆RV)
being larger than the limiting value (∆RVmin). Provided values of
∆RVmin are for a reference binary with separation a = 1R and
orbital period P = 1 day. For other binaries the scaling should be
applied ∆RV = ∆RVobs(P/day)(a/R)−1, where ∆RVobs is the
observed RV variation for a binary with period P and separation
a, in order to use the presented relations. Distributions for a few
example values of eccentricity (e) are provided.
variation (∆RV ) is calculate as a half of the difference
between the highest and lowest RV as observed from the
location of the Sun. We assume a random distribution of
orbital orientations and calculate this probability distri-
bution numerically (see Fig. 3). Only inclined (i > 0◦)
systems can be spectroscopically detectable, but if the
orbital velocities are small (e.g. wide circular binaries)
the system will not be visible even observed edge-on
(i ≈ 90◦). On average, the lower the inclination, the
lower is ∆RV , however, for the randomly orientated or-
bits higher inclinations (i > 60◦) are preferred to lower
ones (i < 30◦; the probability distribution for the incli-
nation of randomly orientated orbits is P (i) = 0.5 sin i).
P (d ≤ dphoto) is calculated in the same way as P (d ≤
dmax) in the Gaia case. The photometric detection
limit for LAMOST is lower than for Gaia and equals
mlim,LAMOST = 16. We note that, as long as the com-
panion is within this magnitude limit, the RV measure-
ments does not depend on distance. Actually, Deng et al.
(2012) gave an average V-band limiting magnitude of 18
for LAMOST low resolution spectrograph, though the
LAMOST medium resolution spectrograph has a smaller
V-band limiting magnitude (15 mag; Liu et al. 2019b).
However, this limit actually depends on the design of
the specific survey. As a parameter study we test also
mlim = 20 (see Table 3), which may be reached in future
by spectroscopic surveys, like the DESI survey DESI Col-
laboration et al. (2016) and PFS survey (Takada et al.
2014). Despite being much deeper, such a survey is ex-
pected to increase the detection rates of nBHB by a fac-
tor of only ∼ 4. It results from the fact that the fraction
of galaxy observable by LAMOST (fgal; Fig. 1) grows
nearly linearly with distance. Eq. 6 gives us the follow-
ing relation between the maximum distance to which a
particular star is visible
m2 −m1 = 5 log10
d2
d1
+ d2 − d1. (8)
For ∆m = 4 (increase from mlim = 16 to mlim = 20)
the distance to which stars are observable increases by
a factor less than 3 if their luminoisity is L & L. For
7less luminous stars the increase is higher (up to ∼ 4),
but these stars are still visible only in the vicinitiy of
the Sun (d . 3 kpc). As a result, the distance to which
the stars are observable grows on average by a factor of
∼ 4 (majority of stars observable by LAMOST are low-
mass, see Sec. 3). The number of stars observable by
LAMOST grows linearly with distance (Fig. 1), there-
fore, the predictions grow also by a factor of ∼ 4 (we as-
sume that the spatial distribution of nBHBs follows the
spatial distribution of stars). We can also expect that
for intermediate values of the limiting apparent mag-
nitude, the number of nBHBs observable by LAMOST
will change linearly. It is motivated by the fact that
in Eq. 8 ∆d = d2 − d1 dominates over the logarithm,
so that ∆m ≈ ∆d. For LAMOST, fgal grows nearly lin-
early between d ≈ 3 kpc and 10 kpc (Figure 1), therefore,
NnBHB,LAMOST ∝ fgal ∝ d ∝ m.
fvisible is the fraction of a galactic component visible
by LAMOST. The values calculated for the LAMOST
field-of-view are provided in Table 2.
3. RESULTS
The main results, i.e. the predicted number of detec-
tions, for each tested model, are summarized in Table 3.
In general, the number of nBHBs detectable by Gaia or
LAMOST constitutes only a small fraction (. 0.051%) of
all nBHBs expected to exist currently in the MW galaxy.
For all models, the fraction is higher for Gaia than for
LAMOST by at least one order of magnitude. One of
the main reasons is the fact that in the LAMOST field
of view there is only a small fraction of the Galaxy (. 5–
7), whereas Gaia observes all the sky. Additionally, the
Gaia sample consists mostly of luminous stars, which are
visible from large distances, especially, from the vicinity
of the Galactic bulge. On the other hand, in the LAM-
OST sample there are more low-mass stars (. 2M),
which obtain higher luminosities (& 200L) only after
evolving off the MS, thus during a short period of their
lives. Consequently, nBHB observed by LAMOST reside
mostly in the vicinity of the Sun, where the star number
density is low in relation to the vicinity of the Galactic
center.
The observable fraction by Gaia is the highest for mod-
els with higher NKs (NKR and NKBE). For these mod-
els, the total number of nBHBs drops by an order of
magnitude, whereas the observed numbers of nBHB by
half (Gaia) or two orders of magnitude (LAMOST). The
typical companions are responsible for this behaviour.
In nBHB, BHs form typically from the primary stars,
i.e. the more massive star in each binary on ZAMS.
As a result of the assumed flat initial mass ratio distri-
bution (W19), lower-/higher-mass secondaries are typ-
ically associated with lower-/higher-mass BH progeni-
tors5. Only low-mass BH progenitors undergo SN explo-
5 The distribution of primary mass Ma for secondary masses con-
strained to range Mb ∈ [M1,M2] can be expressed as a conditional
probability P (A|B) where A means the primary mass Ma = M
and B means Mb ∈ [M1,M2]. The probability can be calculated
as P (A|B) = P (A) ∗ P (B|A)/P (B), where P (A) = IMF(M).
P (B|A) is equal 0 if M ≤ M1, (M − M1)/(M − 0.08M) if
M1 < M ≤ M2, and (M2 − M1)/(M − 0.08M) if M2 < M .
P (B) =
´M2
M1
´ 150M
x IMF(M)/(M − 0.08)dMdx. P (A|B) drops
as MΓ−1 above M2, therefore, if M2 is small, Ma is also small on
average.
sions with small fallback and, therefore, have significant
NKs. Consequently, nBHB which might be observable
by LAMOST because they have low-mass companions
(see Sec. 3.3) in the STD model, in the NKR and NKBE
models are more frequently disrupted during the BH for-
mation process. We note that some systems may be also
excited to wider orbits with periods too large or velocities
to small to be detectable by LAMOST. In contrast, the
Gaia sample contains mostly nBHB with massive stars
(Sec. 3.3) which must be accompanied by BHs formed
from massive progenitors with either strong fallback (low
effective NK) or through direct collapse (no NK).
The steepness of the IMF changes the ratio of high-
mass to low-mass stars on ZAMS. The flatter is the
IMF, the more BH progenitors are present in the initial
(ZAMS) populations and their average mass is higher.
The former directly influences the number of nBHBs
(NnBHB) and, simultaneously, the numbers of observ-
able nBHB both by Gaia and LAMOST. In the flat IMF
model in which the IMF is flatter (the IMF exponent
Γ = −1.9) the predicted numbers are higher than in the
STD model (Γ = −2.3), whereas in the steep IMF model
(Γ = −2.7), the numbers are lower (see Table 3). As the
tested values of Γ are rather extreme, we may conclude
that the steepness of the IMF influences the numbers
by a factor of 2–3 in relation to the fiducial model. The
higher average mass changes the relative fraction of mas-
sive BH progenitors and, consequently, the number of
massive secondaries. As a result, the fraction of nBHBs
observable by Gaia is higher/lower in the flat IMF/steep
IMF model (0.015%/0.008%) than in the reference model
(0.011%). The steepness has a smaller effect on the low-
mass end of the IMF, therefore the effect on the fraction
observable by LAMOST is negligible (Table 3).
3.1. Formation routes
Although most of the nBHBs in the Galaxy were
formed without any strong interactions (MT or CE),
those in the Gaia and LAMOST samples underwent a
MT or a CE phase (Table 4) prior to the BH forma-
tion. We assumed that the limit on the survey duration
is simultaneously a limit for the orbital period of the ob-
servable astrometric or spectroscopic binary (Porb < 5 yr
for Gaia or 10 yr for LAMOST). We note that binaries
with even longer orbital periods can also be potentially
detected, but in this study we assumed a conservative
limit. These orbital periods translate into the limit on
separation of ∼ 3000–4000R. For shorter orbits with
separations . 1000R, BH progenitors, which expand to
at least 1000R if evolving as single stars, easily fill their
RL and interact with companions through MT or CE. We
note that the MT in binaries with mass ratio q ≈ 1 gener-
ally leads to mass ratio reversal and effectively to widen-
ing of the orbit. Wider systems with initial separation
aZAMS ≈ 1000–4000R and mass ratio q ≈ 1 (typical for
the Gaia sample) also interact, because the RL of the pri-
mary is typically ∼ 0.4×a . 1000R. In such a case, the
CE can be very efficient in decreasing orbital separation.
If the MT is stable, usually another phase of MT is nec-
essary after the formation of the BH in order to obtain a
binary that can be observed astrometrically by Gaia (or
LAMOST). In the LAMOST sample, the companions are
typically lighter, therefore, the mass ratio is smaller and
the primary’s RL larger (. 0.7× a . 3000R). In such
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Predictions for the Milky Way galaxy
model NnBHB NnBHB,Gaia NnBHB,LAMOST NnBHB,LAMOST∗ (nlim = 20)
STD 1.5± 0.01× 106 1.6± 0.002× 102 1.3± 0.02× 10−1 2.8± 0.05× 10−1
SS0 3.2± 0.02× 106 3.4± 0.009× 102 1.3± 0.007× 101 5.0± 0.02× 101
NKR 1.5± 0.04× 105 7.8± 0.02× 101 1.5± 0.02× 10−1 3.3± 0.06× 10−1
NKBE 1.5± 0.04× 105 7.7± 0.02× 101 1.7± 0.02× 10−1 3.9± 0.05× 10−1
steep IMF 5.0± 0.05× 105 4.1± 0.006× 101 3.8± 0.09× 10−2 8.2± 0.1× 10−2
flat IMF 3.1± 0.03× 106 4.7± 0.004× 102 2.8± 0.03× 10−1 6.1± 0.09× 10−1
Note. — Predictions for the number of non-interacting BH binaries in the Milky Way galaxy (NnBHB) for investigated models.
NnBHB,Gaia/LAMOST are the non-interacting BH binaries observable by Gaia/LAMOST (see Sec. 2.3 for the details of the observational
cuts). In the case of LAMOST, the limiting apparent magnitude is set to mlim = 16. For comparison, results for a magnitude of a
LAMOST-like spectroscopic survey with a apparent magnitude limit of 20 (NnBHB,LAMOST∗ ) are also provided. The uncertainties were
calculated on the base of 100 bootstrap estimates from a population of > 10000 nBHBs observable by Gaia or LAMOST, which were
obtained from population synthesis simulations. For NnBHB Poisson uncertainties are provided. In general, systems observable by Gaia
represent a different sub-population of nBHBs than those observable by LAMOST (see text for details).
cases, the primary may not fill the RL during its evolu-
tion and the system may stay wide. However, stars on
wide orbits have rather slow orbital velocities and, if have
low-masses, are visible only in the vicinity of the Sun,
which significantly lowers their detection probability by
LAMOST, thus the expected number of detections. As a
consequence, the separations of nBHBs in the LAMOST
sample are on average smaller than in the Gaia sample.
We note that in the LAMOST sample nBHB are also
present with massive companions which makes it possi-
ble for the primary to fill its RL on a wide orbit (see
Sec. 3.3). Systems that have initial orbital periods larger
than the assumed detection limits in the absence of inter-
actions tend to expand due to the loss of orbital angular
momentum in stellar wind, so become unobservable by
Gaia or LAMOST. Furthermore, such systems, in the
lack of interactions, are not expected to become observ-
able by Gaia or LAMOST. For separations higher than
∼ 4000R, RLs are generally too large to be filled by
typical BH progenitors unless the orbit is significantly ec-
centric. Then the RL may be filled in periapsis where the
tidal interactions may circularize the system, thus signif-
icantly lower the initially large separation. Although, in
the STD model, initial eccentricities are typically low,
the SS0 model assumes an initial distribution of eccen-
tricities which is skewed toward higher values (P (e) ∝ e).
Therefore, in this model, systems with high initial sep-
arations (up to ∼ 105R) form nBHBs observable by
Gaia or LAMOST more frequently than in other tested
models, although they have the same initial distribution
of masses as the STD model.
Typical systems in a Gaia sample have a BH mass
of about 7–8M and a secondary mass of 35–50M,
whereas the typical separation is of the order of 1000–
2000R (Fig. 4). Such nBHB originate from initial bina-
ries with MZAMS,a = 45–55M, MZAMS,b = 25–40M,
and aZAMS = 100–500R (Fig. 5). In the typical sce-
nario (Fig. 6), the massive primary fills its RL while ex-
panding on the HG, or even already on the MS, and
transfers mass to the secondary. Meanwhile, the mass
ratio reverses and the orbit starts to expand. After the
primary forms a BH, the nBHB is observable by Gaia for
1–2.5 Myr before the secondary fills its RL due to evolu-
tionary expansion. The further evolution can be twofold,
1) in the typical case the MT is unstable due to the high
mass ratio and results in a CE and, typically, merger. In
other cases, 2) the MT is stable and the donor loses its
hydrogen envelope becoming a helium star. Afterwards,
the system may be observable as an nBHB with a he-
lium star companion (Fig. 9), whose lifetime is, however,
much shorter (. 0.5 Myr) than in the case of an nBHB
with a MS companion.
In the case of LAMOST, the typical evolution of a
progenitor of a detectable nBHB looks different (Fig. 7)
than in the Gaia case. The progenitors have masses of
MZAMS,a ≈ 30M and MZAMS ≈ 3–4M separated by
a ≈ 4000–5000R on slightly eccentric orbits e . 0.2
(Fig. 5). When the primary fills its RL while being in the
CHeB phase, the mass ratio is low (q < 1/4) thus the MT
is unstable and a CE phase occurs. The orbital energy of
such a wide binary is large enough to eject the envelope
of the massive primary and the binary survives as a much
closer one (a . 100R). After the formation of the BH,
the system can be detected as an nBHB. Typical BH
masses are 7.0–8.5M, whereas companions are typically
lighter than 4M. The separation is typically between ∼
10–100R (Fig. 4). After 100 Myr, the secondary evolves
off the MS, expands as a HG star, and fills its RL. Then
MT occurs, which widens the system to a ≈ 1000R
and results in the loss of secondary’s hydrogen envelope.
Shortly after (. 300 kyr), it becomes a CO WD. On such
a wide orbit a WD with its low luminosity would only be
detected in a small volume.
3.2. Black holes
The mass distributions of BHs in nBHBs detectable
by Gaia and LAMOST are presented in the upper-left
panel of Fig. 4. The majority of these BHs have masses
in the range 5–15M, which is typical for a solar metal-
licity environment. Stars with high initial metallicity
undergo a strong mass loss in stellar wind and, in the ab-
sence of interactions, masses of BHs are limited to about
15M. MT from the companion may increase the fi-
nal BH mass up to ∼ 22M (W19), but configurations
allowing for such efficient accretion are very rare in ini-
tial populations. Heavier BHs form in lower metallicity
environments. According to our model of the Galaxy,
such conditions occur only in the thick disk and halo.
These Galactic components constitute only a small frac-
tion (∼ 10%) of te MW’s mass, which is one of the rea-
sons why there are so few expected discoveries of heavy
(& 20M) BHs in all tested models. In reality, the
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Formation roots
model Gaia LAMOST
all nBHB
STD (0.69) MT1(1/2-1) SN1 (0.63) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
(0.17) CE1(4-1;7-1) SN1 (0.32) CE1(4-1;7-1) SN1
(0.14) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
SS0 (0.47) CE1(4-0/1;7-0/1) SN1 (0.87) CE1(4-0/1;7-0/1) SN1
(0.34) MT1(1/2-1) SN1 (0.13) CE1(4/5-0/1;7/8-0/1) SN1 MT2(14-0/1/2/3/4/5/6)
(0.19) CE1(4/5-0/1;7/8-0/1) SN1 MT2(14-0/1/2/3/4/5/6)
NKR (0.37) MT1(1/2-1) SN1 (0.68) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
(0.33) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6) (0.20) CE1(4-1;7-1) SN1
(0.29) CE1(4-1;7-1) SN1 (0.09) SN1
NKBE (0.37) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6) (0.79) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
(0.33) MT1(1/2-1) SN1 (0.20) CE1(4-1;7-1) SN1
(0.30) CE1(4-1;7-1) SN1
steep IMF (0.66) MT1(1/2-1) SN1 (0.60) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4/5/6)
(0.17) CE1(4-1;7-1) SN1 (0.35) CE1(4-1;7-1) SN1
(0.16) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4/5/6)
flat IMF (0.73) MT1(1/2-1) SN1 (0.72) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
(0.14) CE1(4-1;7-1) SN1 (0.17) CE1(4-1;7-1) SN1
(0.12) CE1(4-1;7/8-1) SN1 MT2(14-1/2/3/4/5/6)
nBHB with massive black holes
STD (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9) (0.95) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9)
SS0 (0.98) CE1(4-0/1;7-0/1) SN1 (0.98) CE1(4-0/1;7-0/1) SN1
NKR (0.91) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9) (0.88) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9)
(0.06) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4/5/6)
NKBE (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9) (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9)
steep IMF (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9) (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9)
flat IMF (0.97) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9) (0.96) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) MT2(14-8/9)
nBHB with massive companions
STD (0.99) MT1(1/2-1) SN1 (1.00) MT1(1/2-1) SN1
SS0 (1.00) MT1(1/2-1) SN1 (1.00) MT1(1/2-1) SN1
NKR (0.99) MT1(1/2-1) SN1 (0.99) MT1(1/2-1) SN1
NKBE (0.99) MT1(1/2-1) SN1 (0.99) MT1(1/2-1) SN1
steep IMF (0.99) MT1(1/2-1) SN1 (1.00) MT1(1/2-1) SN1
flat IMF (0.99) MT1(1/2-1) SN1 (1.00) MT1(1/2-1) SN1
double compact object
STD (0.59) MT1(1/2-1) SN1 (0.56) MT1(1/2-1) SN1
(0.32) CE1(4-1;7-1) SN1 (0.21) CE1(4-1;7-1) SN1
(0.09) CE1(4-1;7-1) SN1 MT2(14-1/2/3) (0.14) CE1(4-1;7-1) SN1 MT2(14-2/3)
SS0 (0.68) MT1(1/2-1) SN1 (0.44) MT1(1/2-1) SN1
(0.25) CE1(4-1;7-1) SN1 (0.24) SN1 MT2(14-2/3/4)
(0.07) CE1(4-1;7-1) SN1 MT2(14-1/2/3) (0.13) CE1(4-1;7-1) SN1
(0.10) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4)
(0.06) SN1
NKR (0.76) CE1(4-1;7-1) SN1 (0.91) SN1
(0.17) CE1(4-1;7-1) SN1 MT2(14-2/3)
NKBE (0.76) CE1(4-1;7-1) SN1 (0.50) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4)
(0.16) CE1(4-1;7-1) SN1 MT2(14-1/2/3) (0.25) MT1(1/2-1) SN1
(0.07) MT1(1/2-1) SN1 (0.24) CE1(4-1;7-1) SN1
steep IMF (0.58) MT1(1/2-1) SN1 (0.64) MT1(1/2-1) SN1
(0.33) CE1(4-1;7-1) SN1 (0.19) CE1(4-1;7-1) SN1 MT2(14-2/3)
(0.10) CE1(4-1;7-1) SN1 MT2(14-2/3) (0.06) SN1
(0.05) CE1(4-1;7-1) SN1
flat IMF (0.65) MT1(1/2-1) SN1 (0.60) MT1(1/2-1) SN1
(0.28) CE1(4-1;7-1) SN1 (0.18) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4)
(0.07) CE1(4-1;7-1) SN1 MT2(14-1/2/3/4) (0.14) CE1(4-1;7-1) SN1
Note. — Symbolical representations of the typical evolutionary roots leading to the formation of nBHBs which are predicted to be
observed by Gaia and LAMOST. Only main evolutionary phases are presented. The routes for the total samples are presented at the top.
Additionally, the typical routes for nBHB with massive BHs (MBH > 20M), massive companions (Mcomp > 30M), and nBHB which
are DCO progenitors are displayed separately. The numbers in parenthesis represent the fraction of nBHBs from a particular subgroup
which were formed through this route. The symbols represent: SN1, supernova of the primary; MT1/2, mass transfer (primary/secondary
is a donor); CE1/2(a1-b1;a2-b2), common envelope (primary/secondary is a donor; a1/2 primary’s evolutionary type before/after the CE;
b1/2 - secondary’s evolutionary type before/after the CE). Evolutionary types (numbers inside parentheses) are as follows: 1 - MS; 2 -
Hertzsprung gap; 3 - red giant; 4 - core helium burning; 5 - early asymptotic giant branch; 6 - thermal pulsing asymptotic giant branch; 7
- helium MS; 8 - helium Hertzsprung gap; 9 - helium red giant; 13 - neutron star; 14 - black hole.
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Fig. 4.— Parameter distributions for nBHBs observable by Gaia and LAMOST. A comparison of tested models is provided (see Sec. 2.1).
MBH/comp - BH/companions mass; a - separation; e - eccentricity; N - number. Fluctuations in low-value bins are an effect of low statistics
in the results of population synthesis simulation (W19) and are not real features.
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Fig. 5.— Similar to Fig. 4, but for initial (ZAMS) populations.
age [Myr] phase Ma[M¯] Mb[M¯]
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4.9
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SN
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42 (15)
7.6
7.7
37
34 (47)
46
41.7
a ≈ 140R¯
MS MS
a ≈ 160(370)R¯
HG MS
a ≈ 1, 100R¯BH MS
a ≈ 1, 200R¯
BH HG
Merger
Fig. 6.— An example of a typical system evolution leading to the
formation of an nBHB detectable by Gaia. The phases are: ZAMS
- zero age MS; MT - mass transfer; SN - supernova, i.e. formation
of the BH; CE - common envelope. Stellar evolutionary phases
are: MS - main sequence; HG - Hertzspurng gap; BH - black hole.
Numbers in parenthesis express a change of the parameter during
the phase. The binary on ZAMS is composed of a∼ 53M primary
and a ∼ 37M secondary on a relatively short orbit of 140R.
After about 4.2 Myr, the primary evolves off the MS and fills its
RL while expanding on the HG. The MT commences, which within
1.4 kyr reduces the primary mass to 15 Myr. Half of this mass is
acquired by the secondary, the rest being rejected from the system.
Primary evolves into a helium star and within 700 kyr forms a BH
with a small NK. The nBHB forms with a MS companion and a
separation of a ≈ 1100R which lasts for ∼ 1.1 Myr. Afterwards,
the secondary evolves off the MS and fills its RL while expanding
on HG. This time the mass ratio is higher q ≈ 6, what makes the
MT unstable and the CE occurs. The primary cannot reject the
envelope what results in a merger.
younger thin disk is expected to have a lower metallicity,
than assumed in our MW model, which later steadily in-
creases to the current value (see e.g. Olejak et al. 2019,
and references therein). Nonetheless, such a correction
is expected to have a minimal effect on the Gaia sample,
which is dominated by massive companions, which must
have formed recently when the metallicity in the thin
disk was already nearly solar. On the other hand, in the
LAMOST sample, most of the stars are low-mass and
may potentially have formed several Gyr ago in lower
metallicity environment. However, as already said, low-
mass secondaries tend to have low mass primaries which
are about to form low-mass BHs, no matter what the
metallicity is. Therefore, the effect of metallicity evolu-
tion in the thin disk on the distribution of BH masses
in nBHBs likely to be observed by Gaia or LAMOST is
expected to be small.
BH masses in the LAMOST sample tend to have
slightly higher values. Companions in the LAMOST
sample are generally lighter than in the Gaia sample,
thus they may potentially originate from older and less
metal-rich parts of the Galaxy. Masses of BHs formed in
lower metallicity environment are expected to be higher
on average, therefore pushing the distribution of BH
masses towards larger values. However, the fraction of
the Galactic stellar mass which has lower metallicity than
solar is small, thus the effect on the typical BH mass is
negligible. Except tor this feature, the distribution of
BH masses observable by LAMOST is similar to Gaia’s
one, as most of the nBHBs evolve without interactions
and originate from the same Galactic component, the
thin disk, which comprises most (∼ 77%) of the Galactic
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Fig. 7.— Similar to Fig. 6, but for typical nBHBs in LAMOST
sample. The additional evolutionary phases (not explained in cap-
tion to Fig. 6) are: RG - red giant; CHeB - core helium burning;
AGB - asymptotic giant branch; WD - white dwarf. The system
begins its evolution as a 30M and 3.6M binary on a relatively
large orbit of ∼ 4300R. The primary evolves much faster and
after 6.5 Myr fills its RL while being on CHeB. The primary is
12M at that moment, whereas the secondary is 3.8M, there-
fore, CE commences due to high mass ratio. The binary survives
while the separation decreases to 70R. Shortly after, the pri-
mary, deprived of its hydrogen envelope, forms a 7.5M BH with
a small NK. an nBHB observable by LAMOST emerges and exists
for nearly 200 Myr. Then, the secondary, while expanding on HG,
fills it RL and a stable MT starts, which prolongs for ∼ 50 Myr.
Meanwhile, the secondary evolves and finally becomes a WD what
ends the system evolution. Although being an nBHB, the separa-
tion is too high (a ≈ 910R) and the WD too dim to be detectable
by LAMOST.
stellar mass.
The upper BH mass limit in the distributions comes
from pair-instability SN (e.g. Heger & Woosley 2002)
and pulsation pair-instability SN (e.g. Barkat et al. 1967;
Woosley 2017). The limit is not strict and depends on
modeling (e.g. Leung et al. 2019; Farmer et al. 2019;
Mapelli et al. 2020; Renzo et al. 2020). For example
Belczynski et al. (2020a) presented models limiting the
maximal BH mass from single-star evolution to values be-
tween 45–56M. Although mass accretion may increase
the BH’s mass after its formation, it is by no more than a
few M (W19). Stellar mergers may potentially fill the
gap (e.g. Di Carlo et al. 2019). In the absence of strong
interactions, pair-instability (pulsation) SN occurs only
for stars born with lower (. 0.1Z) metallicity, where
the helium cores can grow to masses above ∼ 30M
(e.g. Woosley 2017), i.e., in the thick disk and the bulge
as far as our MW model is concerned. We note that Liu
et al. (2019a) recently discovered a ∼ 70M BH in the
MW. Assuming that this observation is correct (see e.g.
El-Badry & Quataert 2020), such an massive BH in an
nBHB may be in tension with our results. There are
three possible explanations: 1) as the authors say the
BH may actually be a very close inner pair or triple in
a hierarchical system, 2) the BH may be an outcome of
an earlier merger which either happened in a hierarchi-
cal system or acquired a companion later on, or 3) the
winds assumed in the simulations of W19 were too strong
to produce heavy BHs like LB-1 (Belczynski et al. 2019).
The first two cases are not subjects of binary population
TABLE 5
Massive BHs in nBHBs
model NnBHB,Gaia NnBHB,LAMOST
STD 1.3× 10−11 (7.8× 10−12%) 4.8× 10−12 (3.6× 10−9%)
SS0 3.8 (1.1%) 1.5× 10−1 (1.2%)
NKR 1.5× 10−11 (1.9× 10−11%) 5.9× 10−12 (3.9× 10−9%)
NKBE 1.5× 10−11 (2.0× 10−11%) 5.8× 10−12 (3.4× 10−9%)
steep IMF 2.3× 10−12 (5.7× 10−12%) 8.8× 10−13 (2.3× 10−9%)
flat IMF 3.5× 10−11 (7.5× 10−12%) 1.3× 10−11 (4.6× 10−9%)
Note. — Number of nBHB in Gaia/LAMOST samples which
harbour massive BHs (MBH > 20M). Numbers in parenthesis
represent the fractions of the total sample.
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Fig. 8.— Same as Fig. 4, but for STD model only and sub-
population with massive BH (MBH > 20M).
synthesis (see e.g. Toonen et al. 2017). The third case,
i.e. the influence of stellar winds, will be a subject of our
future studies.
An interesting behaviour is presented by model SS0.
Although the majority of nBHB in SS0 model have BH
masses below 15M similarly to other models, the frac-
tion of systems with massive BHs (MBH > 20M) is
much higher (∼ 1.1% in comparison to . 10−11; Ta-
ble 5). Model SS0 differs from the reference model only
in the initial distributions of separations and eccentric-
ities. Specificly, initial orbits of binaries in SS0 model
are more eccentric, which has significant consequences.
Firstly, if the orbit is eccentric, it is much easier for
a BH progenitor to fill its RL, which is much smaller
when the secondary passes through periapsis. Resulting
tidal interactions reduce the separation, which can be ini-
tially large (up to 105R), to observable levels . 3000–
4000R. Therefore, the parameter space in initial distri-
butions for nBHB progenitors in SS0 model includes also
wide systems which are not present or very rare in other
models. Secondly, the RLs of BH progenitors in wide
but eccentric orbits are small enough to be filled even if
the companion is a low-mass star. If the orbit is circular,
the primary’s RL will be too large for RLOF to occur
due to the small mass ratio. This significantly increases
the fraction of nBHB originating from old stellar envi-
ronment as only low-mass stars can be companions in
to such nBHBs. This old lower-metallicty Galactic com-
ponent may constitute ∼ 10% of the stellar mass in the
Galaxy. Consequently, these effects increase the number
of nBHBs predicted by the SS0 model to be detected
both by Gaia and LAMOST.
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Fig. 9.— Relative fractions of evolutionary types of compan-
ions in nBHBs with division on Gaia (upper plot) and LAMOST
(lower plot) samples. Both populations are dominated by MS com-
panions in any models, but Gaia sample has typically a significant
fraction of helium star companions (HeMS), whereas in LAMOST
giant companions (CHeB) are more typical. The symbols repre-
sent: MS - main sequence; HG - Hertzsprung Gap; GB - giant
branch; CHeB - core helium buring; EAGB - early asymptotic gi-
ant branch; TPAGB - thermally pulsing asymptotic giant branch;
HeMS - helium main sequence; HeHG - helium Hertzsprung gap;
helium red giant.
In general, massive BHs (MBH > 20M) can be found
among nBHBs detectable by Gaia and LAMOST in all
models, but their fraction among the total population
is expected to be, in general, negligibly small (Table 5).
These BHs originate from parts of the Galaxy with lower
metallicity, i.e. the thick disk and halo). Massive pro-
genitors typically have massive companions, therefore,
interactions are inevitable if the final orbital period is
to be smaller than 5 or 10 yr. In a typical case, the pri-
mary fills its RL while expanding during the CHeB phase
what results in a CE. If the system survives the CE, the
separation is already significantly smaller. The interac-
tions occur also after the formation of a BH when the
secondary expands due to nuclear evolution and fills its
RL. Such a binary might represent an isotropic ULX ex-
isting in the early MW galaxy (e.g. Wiktorowicz et al.
2019a). However, the thick disk and the halo are old
systems, therefore, companions to massive BHs in nBHB
are either low-mass stars (MZAMS . 1M), or have al-
ready evolved into WDs (see Fig. 8, lower-left panel).
Due to the fact that massive stars had to be accommo-
dated, orbits are relatively large (a & 200R) and cir-
cularised due to interactions (Fig. 8, right panels). The
number of massive BHs in Gaia and LAMOST samples
is small because the birth places constrain only a small
fraction of the Galaxy (∼ 10%) and the companions are
low-luminous, therefore, observable only in the vicinitiy
of the Sun (d . 3 kpc).
3.3. Companions
Although BH mass distributions for Gaia and LAM-
OST samples are very similar, the distributions of com-
panion masses show a significant difference. Particularly,
the distributions of companions’ evolutionary type vary
noticeably. (Fig. 9).
Companions in the Gaia sample are mainly OB stars6.
6 For the purpose of this study, which does not involve spectro-
scopic analysis, we define an OB star as a MS star with a mass
above M > 2.1M and effective temperature T > 11 kK.
Such stars have very short lifetimes (. 300 Myr), so can
be observed only in environments with recent SF like
thin disk or bulge. Such short lifetimes limit the proba-
bility of observation, i.e. the probability that the system
was born at such a look-back time that it is observable
currently (Eq. 5). Only a small fraction (∼ 3%) of the
thin disk stellar mass has been formed recently enough
to provide OB stars observable currently. On the other
hand, among MS stars only OB stars obtain luminosi-
ties high enough (Mbol < −2.7) to be be easily observed
by Gaia (apparent magnitude limit of mlim ≈ 21) from
the vicinity of the Galactic Center (D ≈ 8.3 kpc), where
most of the stellar mass is spatially localized (& 60% of
the young thin disk is further away than 7 kpc from the
Sun, Fig. 1).
A large fraction of detectable companions have high
masses (> 30M; Zio´ lkowski 1972; Langer 2012). Such
stars must have formed quite recently (. 10 Myr), thus
are expected to have rather high metallicities. There-
fore, these stars were even heavier on the ZAMS and
might have lost a significant fraction of their initial mass
in stellar wind. In a consequence, the primaries, were
also very massive. Such stars expand significantly dur-
ing their evolution (up to a few× 1000R) and fill their
RLs, which, due to the limitation put on the Porb, are
. 1000R. During the resulting MT phase, the primary
is typically on the HG or still on its MS (Table 4). The
consequence of such a situation is twofold. Firstly, the
primary looses its envelope (or most of it) and forms a
BH through a SN with a NK (which may be a source of
moderate eccentricities), not a direct collapse, which will
be otherwise expected. Systems with high eccentricity
are assumed to form through a NK during the formation
of a BH, because prior to and during a long MT phase
or a CE phase eccentric orbits are assumed to circularise
rapidly, because of tidal interactions (but for short in-
teractions the circularisation may not occur completely;
e.g. Eldridge 2009). Secondly, the secondary becomes
rejuvenated and can be observed for longer than a star
with similar mass which haven’t experienced a mass gain
(before going off the MS) which enhances the detection
probability. nBHBs with massive companions, represent
a significant fraction of the Gaia sample (∼ 22–53%, Ta-
ble 6) and typically have large separations (a & 100R;
Fig. 10), as the companion’s RL has to be large enough to
accommodate it. Both high masses and large separations
increase the detection probability by Gaia, but shorter
lives (. 2 Myr) partially counteract this effect. Massive
stars are expected to be relatively young (tage . 10 Myr),
so they must originate from young Galactic components
like the thin disk, which agrees with the typical mass
of BHs (7 − 8M, Fig. 10), as expected for a solar-
metallicity environment (e.g. Belczynski et al. 2010a).
Although OB stars dominate, low mass stars (. 1M)
and WDs are also represented in the Gaia sample, espe-
cially, in nBHBs originating from old Galactic compo-
nents and containing heavy BHs (MBH > 20M). Such
companions are dim for most of their lifespan, thus visi-
ble only in the vicinity of the Sun (. 3 kpc) where there
is only a small fraction of the Galactic stellar mass. Ad-
ditionally, among companions in nBHB progenitors, low-
mass stars and WD progenitors (MZAMS,b . 8M) con-
stitute a smaller fraction of the sample than heavier com-
panions as was already found in W19. On the other hand,
14
TABLE 6
Massive companions
model NnBHB,Gaia NnBHB,LAMOST
STD 1.1× 102 (69%) 4.3× 10−3 (3.2%)
SS0 1.2× 102 (34%) 5.3× 10−3(0.04%)
NKR 2.9× 101 (37%) 1.9× 10−4 (0.1%)
NKBE 2.6× 101 (33%) 1.4× 10−4(0.08%)
steep IMF 2.7× 101 (67%) 1.1× 10−3 (2.8%)
flat IMF 3.4× 102 (73%) 1.3× 10−2 (4.4%)
Note. — Number of nBHB in Gaia/LAMOST samples which
harbour massive companions (Mcomp > 30M). Numbers in
parenthesis represent the fractions of the total sample.
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Fig. 10.— Same as Fig. 4, but for STD model only and sub-
population with massive companions (Mcomp > 30M)
the lifetimes of the lighter stars are much longer than
OB stars, which gives a higher probability of being ob-
served currently. What is more, they can originate from
old Galactic components like thick disk, halo, or bulge,
which constitute nearly 1/3 of the Galactic stellar mass.
In spite of being relatively rare in the Gaia sample,
nBHBs with low-mass companions constitute the bulk of
the LAMOST sample. These are mainly MS stars with
masses . 4M. Such stars have longer lifespans than
massive OB stars in the Gaia sample, therefore could
have been formed in older stellar populations. Some of
them have evolved off the MS and became giants in the
CHeB phase. Then, their luminosities are on average
higher than in MS phase (Mbol ∼ −0.9–−4.4), so can
be observed from higher distances including the Galac-
tic bulge (Dmax ≈ 6.8–9.5 kpc). What is more, surface
temperatures of giant stars are significantly smaller in
comparison to MS stars due to their larger radii, which
makes the LAMOST RV uncertainty lower (Bai et al. in
prep.). On the other hand, giant star’s lifetime is much
shorter than that of its MS predecessor.
Although being strongly biased towards low-mass com-
panions, LAMOST can also detect nBHB with massive
companions (up to ∼ 60M). As pointed out above,
such binaries have to be wide. Counter-intuitively, in the
LAMOST sample nBHB are even larger (a & 1000R)
than in the Gaia sample. Although larger separations
give typically smaller RV variations, if the eccentricities
are large (& 0.2, Fig. 10), the RV variation are poten-
tially higher, than in similar circular systems, because
the amplitude of orbital velocity depends on eccentricity
as ∆vorb ∝ (2 + e2)/(1 − e2). We note that an eccen-
tric binary spends most of the time in slow phase which
may limit potential detections. On the other hand, mas-
sive stars have higher temperatures, thus LAMOST’s RV
variation measurements are less precise (Bai et al. in
prep.). In the case of LAMOST, nBHB harbouring com-
panions with masses above 30M are expected in . 5%
of all the detections (Table 6).
In contrast to these observable by Gaia and LAMOST,
majority of nBHBs in the Galaxy have actually WDs as
companions. WD progenitors MZAMS,b . 8M are not
a majority on ZAMS if the mass ratio is assumed to be
flat (W19), however, WDs are very long-lived, whereas
heavier stars either merge with BH primaries or quickly
form a second compact object, which results in binary
disruption or formation of a double compact object (dou-
ble compact objects are undetectable by Gaia and LAM-
OST, thus are out of the scope of this paper, although
we note that BH+NS merger may produce radiation in
the optical band, e.g. Metzger 2019). For example, if
MZAMS & 1.3M, the WD phase is longer than the MS
phase for a star born ∼ 10 Gyr ago. Nonetheless, WDs
comprise only a small fraction of the observable sample,
because their low luminosities allow for detection only in
the close vicinity of the Sun (d . 25–1000 pc; Barstow
et al. 2014), i.e. . 1% of the total stellar mass of the
Galaxy, see Fig. 1). Particularly, Torres et al. (2005);
Jime´nez-Esteban et al. (2018) estimated that the com-
pleteness for WD detection by Gaia can be obtained only
up to 100 pc. This estimations agree with the rarity of
WD in nBHB in Gaia and LAMOST sample estimated
on the base of our results.
3.4. Separations and eccentricities
Panels upper-right and lower-right of Fig. 4 present
distributions of separation and eccentricity, respectively.
Gaia sample is clearly skewed toward higher separations,
but LAMOST sample, although having on average low
separations (. 100R), has a significant fraction of wide
systems which are typically eccentric (e & 0.2). We note,
that higher separations are not only rare on ZAMS, but
in realistic situations are also prone to disruptions or
interactions with field stars (e.g. Klencki et al. 2017).
In the case of Gaia, separations are limited to ∼
3000R due to the imposed limit on the orbital period
(Porb . 5 yr) resulting from the mission lifespan. Wider
orbits allow for easier astrometric detection of compan-
ion’s motion from larger distances. For example, with
separation equal to ∼ 2000R, even the dimmest stars,
for which Gaia’s astrometric precision is the worst, are
above the astrometric detection limit up to a distance of
15 kpc. However, only the most luminous stars (O-type)
can be photometrically observed by Gaia from such dis-
tances. The preference for circular orbits, arising from
tidal circularisation occurring typically prior to the BH
formation, ensures that majority of projected orbits, i.e.
projections of the orbit on the plane whose normal is par-
allel to the line of sight, of even highly inclined binaries
have separations similarly large as the original orbits. We
note that the semi-major axis of the projected orbit is,
in general, not equal to the projection of the semi-major
axis of the original orbit. If the orbit is significantly ec-
centric, the projected orbit may have separation as small
as the semi-minor axis of the original orbit. It is, there-
fore, possible that the separation of the projected orbit
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TABLE 7
DCO progenitors among nBHBs
model NnBHB,Gaia NnBHB,LAMOST
all
STD 8.3 (5.1%) 1.2× 10−3 (0.9%)
SS0 8.5 (2.5%) 2.1× 10−3(0.03%)
NKR 2.5 (3.2%) 2.0× 10−3 (1.3%)
NKBE 1.6 (2.0%) 8.5× 10−5(0.05%)
steep IMF 2.0 (4.8%) 2.9× 10−4 (0.8%)
flat IMF 23 (4.9%) 3.3× 10−3 (1.2%)
merging
STD 5.3 (3.3%) 7.4× 10−4 (0.6%)
SS0 5.9 (1.7%) 9.4× 10−4(0.01%)
NKR 0.5 (0.7%) 5.5× 10−5(0.04%)
NKBE 0.4 (0.6%) 3.5× 10−5(0.02%)
steep IMF 1.3 (3.1%) 2.0× 10−4 (0.5%)
flat IMF 16 (3.5%) 2.1× 10−3 (0.7%)
Note. — Number of nBHBs in Gaia/LAMOST samples which
are progenitors of double compact objects. Numbers in parenthesis
represent the fractions of the total sample. Both the total popula-
tion of double compact object progenitors (”all”) and these which
have time-to-merger lower than 10 Gyr (”merging”) are shown.
is below Gaia’s detection limit, although the original or-
bit is large enough to be detectable. Such situations are
included in our procedure (see Sec. 2.3.1 for further de-
tails).
In contrast to Gaia, LAMOST will continue to gather
observations for longer-period binaries. Nonetheless,
some reasonable limit should still be applied in order to
obtain realistic estimates. For the purpose of this study,
we assumed Porb = 10 yr as an upper limit for LAMOST.
Potentially, even longer period nBHBs may be observable
when the orbit is nearly covered with observations, or the
surveys may be extended beyond the assumed ≈ 10 yr.
In such a case, the predicted number of nBHB detectable
by LAMOST would increase, but due to the lack of good
constraints, we decided to stick to the value of 10 yr. In
the case of LAMOST, eccentric binaries may be even eas-
ier to detect than circular ones due to a higher difference
in orbital velocity between pericenter and apocenter, but
the necessary lack of interactions that may circularise the
orbit, or the need for strong NK for a BH, make their
fraction small among detectable nBHBs. Eccentric bina-
ries must also be wide (& 1000R), otherwise the BH
progenitor may fill its RL furing the periapsis passage
and the orbit will become circularized by tidal forces or
CE evolution.
3.5. Gravitational wave sources
If the BH companion is massive enough an nBHB may
become a double compact object (DCO). The lower mass
limit is affected by the binary evolution (MT phases).
Even if the companion has a suitable mass, a NK may
prevent the formation of a DCO by disrupting the sys-
tem. Here, we present an analysis of DCO progenitors
present in both Gaia and LAMOST samples.
Less then ∼ 5.1% of nBHB detected by Gaia, or less
than ∼ 1.7% by LAMOST, are going to form DCOs (Ta-
ble 7). The small fraction of DCO progenitors is a direct
consequence of the small fraction of massive companions
(& 8M, thus DCO progenitors)in nBHBs which are
expected to be observed. In the case of Gaia, most of
the companion stars are massive enough to form a NS
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Fig. 11.— The same as Fig. 4, but for STD model only and with
separated distributions for DCO progenitors.
or a BH. However, there are two effects that limit the
DCO formation efficiency for these nBHBs. First, most
of the companions in these nBHBs are on their MS, what
means that their main expansion phase is still before
them. Massive stars may fill their RL during the HG and
start a MT phase which, due to a typically high mass ra-
tio (q > 3), is unstable and lead to a CE phase. CE phase
with HG donors is expected to lead to a merger, because
of the lack of clear core-envelope boundary (Ivanova &
Taam 2004), what ends binary evolution. Even if the sec-
ondary fills the RL in a later evolutionary phase when its
core is well developed, the CE may result in a merger if
there is not enough orbital energy to eject its massive
envelope. The second factor which limits the number
of DCO progenitors for Gaia sample is the NK. During
formation of the second compact object the kick may
disrupt the system leaving two single stars.
As far as the separation distribution is concerned, the
DCO progenitors can be divided into two distinct groups.
These with small separations (. 10R) contain helium
stars which have lost their hydrogen envelops as a re-
sult of interactions (typically CE) with BHs. These sys-
tems are close enough to survive even a strong NK dur-
ing the formation of a NS where no fallback is expected.
However, when the separation is higher (& 10R), the
strong NK can easily disrupt the system. DCO progeni-
tors with higher separations are typically MS stars which
have not interacted with their primaries after the BH
formation. Such separations are large enough to contain
a massive (& 8M) compact object progenitor. The
fate of these systems is twofold. Either they will inter-
act with their primaries as a result of nuclear expan-
sion and lose their hydrogen envelope, effectively joining
the systems with low separations and following similar
evolution as described earlier in this paragraph, or their
RLs are large enough that the star may evolve without
filling them and form a BH through direct collapse or
with a small and/or well-directed NK avoiding disrup-
tion. The low-separation group typically contains pro-
genitors of BH+NS systems, whereas the more numer-
ous high-separation group contains progenitors of both
BH+NS and BH+BH systems.
The formation routes of DCO progenitors are in gen-
eral similar to the typical routes leading to the formation
of nBHB observable by Gaia and LAMOST (Table 4),
thus many DCOs existing currently in our Galaxy (e.g.
Belczynski et al. 2010b) evolved through nBHB phase.
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Fig. 12.— Distributions of time-to-merger (tmerge) and chirp
mass (Mchirp) of DCOs which originate from nBHBs observed
by Gaia and LAMOST. The tmerge distribution was truncated at
105 Myr, which is a much longer time than the age of any Galactic
component. Chirp masses are provided only for merging objects.
The left peak at ∼ 3M corresponds to BH+NS systems, whereas
this at ∼ 6M to BH+BH systems.
The parameter distributions are similar in shape to these
obtained for general population (Fig. 11) except for the
distribution of separations, as explained above. The lack
of DCO progenitors with massive (> 20M) BHs results
from the rarity of nBHBs with massive BHs in the total
populations (Fig. 4)
The most interesting group among DCO progenitors
are these which are going to merge, typically defined
as DCOs with time-to-merger (tmerge) lower than about
10 Gyr. Only a small fraction (. 5%) of nBHB observ-
able by Gaia or LAMOST is expected to form DCOs and
only part of them will have tmerge < 10 Gyr (. 70%; see
Table. 7). The minimal tmerge in our results is 20 kyr,
so none of the DCOs that are expected to form from
nBHBs that are expected to be observed by Gaia or
LAMOST can merge within this time. What is more,
massive stars in the Gaia sample are typically still on
their MS, whereas evolutionary advanced companions,
frequent in LAMOST sample, are generally low-mass,
thus long-lived, stars. Therefore, the time to DCO for-
mation is generally even longer than tmerge. However,
there might be some nBHBs which are evolutionary ad-
vanced (e.g. nBHBs with helium star companions in
the Gaia sample) which can form DCOs in the near
(. 500 kyr) future. Such DCOs will emit gravitational
waves in the frequency range of ∼ 10−4 − 10−3 Hz with
lifetime of million years and can be detected by LISA
(Babak et al. 2017), Taiji (Ruan et al. 2019), or Tianqin
(Wang et al. 2019).
4. DISCUSSION
4.1. Comparison with previous studies
Breivik et al. (2017) was the first to apply detailed
population synthesis modelling to study the detactabil-
ity of nBHBs by Gaia. They used COSMIC, an updated
BSE code (Hurley et al. 2002), assuming a primary-mass-
dependent binary fraction (van Haaften et al. 2013).
They included only the thin and thick disks. The for-
mer with a total stellar mass of 2.15 × 1010M and
constant SF throughout the last 10 Gyr, and the latter
with 2.6×109M and burst-like star formation which oc-
curred 10 Gyr ago (Robin et al. 2003). The distribution
of stars was adopted after Yu & Jeffery (2015). Using
these assumptions, Breivik et al. (2017) obtained a pre-
diction of 3.8–12×103 detections during Gaia’s 5 yr lifes-
pan. Our model SS0 is the one which is the most similar
to their assumptions. We obtain an order of magnitude
fewer nBHBs (∼ 340) in our calculations than their lower
limit. The main reason why they obtain much more pre-
dicted nBHBs is the lack of any treatment of interstellar
extinction included in their analysis, which significantly
decreases the volume from which low-mass stars (the
majority in their sample) can be observed. Especially,
extinction makes it impossible to detect low-mass stars
from the vicinity of the Galactic bulge. Other significant
differences between their and our analysis, which does
not necessary increase the predicted number of nBHBs,
include the lower total stellar mass (∼ 2.4× 1010M), a
continuous relation between the binary fraction and pri-
mary mass (0.5+0.25 logm), and a lower limit for initial
orbital periods of 0.5 day.
Shao & Li (2019) also recently estimated the number
of nBHBs observable by Gaia. They performed a study
of BHBs with normal-star companions (which they de-
fine as a star on the MS or at the (super)giant stage).
Similarly to Breivik et al. (2017), they used the binary
population synthesis code BSE to simulate the Galactic
population of BHBs. In their results, the pre-SN pri-
maries are always helium stars which are assumed to
have a probability of 0.6 to become a BH if their mass is
larger than 5M. The assumed total stellar mass in the
Galaxy is 3 × 1010M, what is roughly half of the stel-
lar mass assumed in our Galaxy model, and a constant
SFH. Although Shao & Li (2019) included only binaries
with initial periods Porb < 10× 103 days, in contrast to
Breivik et al. (2017), they included interstellar extinc-
tion to make the estimate more realistic. They predicted
that the population of nBHBs with MS or giant compan-
ions observable by Gaia is ∼ 262–974 depending on the
model. This number is comparable with our model SS0,
which is most similar to theirs as far as initial popula-
tions are considered. We note that, although their total
stellar mass is only about half of what we use in our
analysis, they allowed for stable MT for mass ratios as
high as ∼ 6, assumed that all stars are in binaries, and
in one model (B) allowed for a formation of BHs from
stars with initial masses as low as ∼ 15M. All these
assumptions increase the number of expected nBHBs.
For LAMOST we predict only . 14 detectable nBHBs,
which is so low partially because its field-of-view covers
just ∼ 6% of the Galaxy. Our study is the first for this
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instrument that takes in account binary evolution. Yi
et al. (2019) performed a simplified analytical calcula-
tion modelled after Mashian & Loeb (2017), and obtain
a prediction of ∼ 50–400 nBHBs depending on the sur-
vey strategy. This number is significantly higher than
our most promising estimations (the SS0 model, with 14
expected detections). The difference stems from the fact
that their modeling lacks any treatment of interactions
between binary components (like RLOF or CE) which, as
we show in this study, are prevalent among progenitors
of nBHBs in the predicted LAMOST sample. On the
other hand, they limited themselves to MS companions
only and predicted that they are mostly low-mass stars
on close orbits (Porb ≈ 0.2–2 day). The masses in general
agree with our prediction, but our periods are typically
higher. We note that their choice of uniform distribution
of inclinations is biased towards face-on orbits compared
to random orbital orientations, which increases their ex-
pected number of nBHBs detectable by LAMOST.
4.2. nBHB candidates
Up to date, no nBHBs have been detected through as-
trometry. This may result from the fact that only Gaia,
with its unprecedented astrometric measurement accu-
racy, will be able to provide a reasonable detection pos-
sibility.
Despite many spectroscopic surveys (e.g. Trimble &
Thorne 1969; Casares et al. 2014; Gu et al. 2019; Makarov
& Tokovinin 2019; Zheng et al. 2019) only a few strong
candidates were identified. We note that all these can-
didates for nBHBs were specifically chosen for detailed
analysis because of their luminous companions (RG with
mV = 12.9 or B-type stars with mV = 11 and 11.5) and
high RV variations (44 ≤ K ≤ 53 km s−1). LAMOST is
capable of detecting nBHBs with much smaller RV vari-
ations (. 10 km s−1) and potentially fainter companions
(mlim ≥ 16).
Khokhlov et al. (2018) analysed a high RV variation
(K ≈ 52 km s−1) binary AS 386 with a B-type star and
an invisible companion. The mass function provided a
minimal mass for the latter as 1.9M. The position of
the B-type star on HRD suggests a mass of 7 ± 1M.
This estimate compared with the mass function, gives
a minimal mass of the invisible companion of 7.3M
which makes it a plausible BH candidate. Although the
evolution of the B star was probably affected by binary
interactions (actually the Doppler tomography showed a
presence of dust scattered around the B star, which sup-
ports this supposition), as it is typical for sources in the
LAMOST sample, so the actual mass may be different.
Nonetheless, the presence of a BH in this system cannot
be rejected.
Another nBHB candidate was detected by Thompson
et al. (2019) who analysed a 2MASS J05215658+435922
RG star with strong RV variations (K ≈ 44 km s−1) and
obtained mass function of 0.77M. Although the orbit
is relatively wide (Porb = 83 days), the authors assumed
(motivated by low eccentricity e ≈ 0.005 and similarity of
orbital and photometric periods) that the giant’s rotation
is synchronized with its orbital motion and were able
to assess its radius and imply a mass of the invisible
companion as ∼ 3.3M.
Recently, Liu et al. (2019a) claimed a discovery of a
BH accompanied by a ∼ 8.2M B-type MS star. In-
terpreting apparent motion of a H-α emission line as
associated with the BH furhter leads to a BH mass of
∼ 70M. Belczynski et al. (2020b) showed that such
massive BHs may be produced through isolated evolu-
tion avoiding PISN, when the stellar evolution is fine-
tuned and for extreme mass-loss assumptions. However,
in this study we adopted more conservative evolution-
ary physics, which couldn’t reproduce such an object.
Nonetheless, parameters of the visible companion were
revised by many further studies (e.g. Eldridge et al. 2019;
Simo´n-Dı´az et al. 2020; El-Badry & Quataert 2020) and
especially Irrgang et al. (2020) suggested that the com-
panion is actually a low mass (1.1 ± 0.5M) stripped
star, which is mimicking a B-type MS star. Together
with the updated estimation of the binary mass ratio
(∼ 5.1± 0.8; Liu et al. 2020), the BH mass is lowered to
∼ 4–36M. Yungelson et al. (2020) performed a pop-
ulation synthesis study based on Irrgang et al. finding
that such systems can exist in the Galaxy in significant
numbers. However, they haven’t included observability
for any instrument in their calculations. We note also
that recently Shenar et al. (2020) showed that by disen-
tangling the spectra it can be claimed that the binary ac-
tually harbours no degenerate components. This discord
motivated us to briefly analyse what is the probability
of detecting nBHBs with B-type companions in the Gaia
and LAMOST samples aiming at reproducing the LB-1,
but retaining a significant parameter freedom. Specifi-
cally, we analysed the presence of nBHBs with hot com-
panions (10 kK < Teff < 14 kK) and orbital periods of
80±10 days in our Gaia and LAMOST samples. We note
that hot stars have significant RV errors in LAMOST
observations, which can hinder detection. Such binaries
must have gone through interactions like CE or MT, be-
cause the orbit is too small (a ≈ 300R) to accommo-
date the BH progenitor and if the companion is indeed a
low-mass star, it can obtain such high temperatures only
if their envelopes were stripped off through RLOF. The
interaction phase is supported by the detection of surface
molecule anomalies which may originate from mass strip-
ping revealing processed material. The expected number
of such binaries is 0.18 in the Gaia sample and 2% of the
LAMOST sample for the STD model. Such systems have
B-type MS stars, which went through a CE phase reduc-
ing the initial separation of ∼ 5000R to just ∼ 20R.
When the system is ∼ 100 Myr old and consists of a
∼ 7M BH and a young ∼ 4–5M B-type MS star it
becomes observable both by Gaia and LAMOST. These
numbers are much smaller than obtained by Safarzadeh
et al. (2019) who calculated ∼ 60000 LB-1-like systems
on the basis of the Liu et al. (2019a) observation, and
. 4000 on the basis of their analysis. The discrepancy
originates from many simplifying assumptions adopted
by Safarzadeh et al. (2019), like equal lifetime of > 8M
stars, constant SFH, no super-Eddington MT rates, no
extinction, etc., and considering only one evolutionary
path leading through a ULX phase (we show that nBHB
can form without an XRB (let alone ULX) phase, see
Table 4).
To close this sub-section, we note here that the pre-
dicted number of nBHBs which can be detected by sur-
veys such as Gaia or LAMOSTare model dependent. Dif-
ferent models may result in very different numbers, which
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Fig. 13.— The same as Fig. 1, but different models of stellar
distributions are compared and only thin (upper plot) and thick
(lower plot) disks are presented.
again suggests that searching for nBHBs using astrome-
try or RV surveys may put strong constraints on the evo-
lutionary models, their initial conditions, and the struc-
ture of the Galaxy.
4.3. MW galaxy model influence
The spatial distribution of stars in the Galaxy is still
very uncertain. In general, it is much harder to estimate
global parameters like color or mass for the MW than
for other galaxies, because we cannot make an unbiased
observation “from inside”. Here, we compare the model
utilized in this study with other available models in order
to estimate the influence the MW model has on our re-
sults. Fig. 13 presents a comparison between the models
for the thin and thick disk as most of the other studies
concentrated on these two components only.
Mashian & Loeb (2017) and Yi et al. (2019) utilized a
double exponential model of Juric´ et al. (2008) in which
dN/dV ∝ exp(−R/L − Z/H), where R, Z are cylindri-
cal galactocentric coordinates and L, H are constants.
Fig. 13 shows that this model gives fgal(dlim) very dif-
ferent from other models and, especially, shows a much
higher concentration of stars near the Galactic center.
Breivik et al. (2017) employed the model of Yu & Jef-
fery (2015). This model assumes an exponential rela-
tion for the distance from the Galactic center (R), but
uses hyperbolic secant for the distance from the Galactic
plane (z). As a result, the fgal relation is very similar to
the one which we employed in this work and we expect
no significant differences in our results if the model of Yu
& Jeffery (2015) was applied for the thin and thick disks.
Another important factor that is not well constrained
for the Galaxy is its SFH. Here, we assumed that the SF
rate was constant during the SF periods for all Galac-
tic components, as shown in Table 1. However, such
an approach may significantly overestimate the recent
SF in the Galaxy. According to our model, the recent
SF in the thin disk is 4.7M yr−1. However, Robitaille
& Whitney (2010) estimated a much lower value of
0.68− 1.45M yr−1. Also Mutch et al. (2011) suggested
that MW is in the state of ceasing SF and becoming a red
spiral galaxy, which suggests a lower recent SF than aver-
age. The lower value of recent SF will decrease the frac-
tion of massive stars which are present in current stellar
populations due to their short lifetimes. In consequence,
our prediction for the Gaia sample, which consists mostly
of nBHBs with massive companions, would decrease by
a factor equal roughly to the recent SF divided by the
SF assumed in this study (SFrecent/4.7M yr−1). If the
recent SF is indeed . 1M, it would mean that the ex-
pected number of detections should be lower by a factor
of & 4–5 compared to the values estimated in this study
(Table 3).
What is more, the metallicity and its dependence on lo-
cation and Galactic age are not known precisely for the
MW. The metallicity significantly influences the evolu-
tion of stars, (especially the mass loss in stellar wind and
radial expansion, Belczynski et al. 2007, 2010b), which
plays a crucial role on the final BH mass in a nBHB.
Better constraints can significantly alter theoretical pre-
dictions.
In this paper we have assumed that the spatial distri-
bution of nBHBs follows the distribution of stars. How-
ever, in realistic situations, nBHBs can have different
distribution due to NKs which can change not only bi-
nary parameters, but also the centre-of-mass velocity.
Compact binaries (a . 10R) can obtain as high ve-
locities as ∼ 300 km/s while remaining bound. There-
fore, the distribution of compact nBHBs can be much
more extended (dynamically hotter) than the distribu-
tion of stars. These binaries are not easily detectable
by Gaia due to their smaller sizes, whereas LAMOST
have worse accuracy for hotter stars (the result of inter-
action). Nevertheless, compact nBHBs with large center-
of-mass velocities are expected to be rather rare. Wider
pairs with slow orbital motions, which are a majority
of both the predicted LAMOST and Gaia samples, are
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panels) samples and the STD model.
prone to disruption if the compact object formation is
associated with a significant NK. Binaries that survive
the process would acquire only small additional veloc-
ities which means that they will in general follow the
distribution of stars as assumed in this work. We note
that wide nBHBs are suspected to interactions with other
stars even in the Galactic field (Binney & Tremaine 2008;
Klencki et al. 2017), which can lead to disruptions or in-
crease in eccentricity that effectively leads to shortening
of the orbital period.
In Fig. 14 we present 2D histograms of center-of-mass
velocities and orbital periods. The majority (> 80%)
of systems have small (< 20 km/s) velocities and only
systems with periods less than 100 days obtain signif-
icant (& 250 km/s) velocities. The same relation is
observed in the Gaia and LAMOST samples. In addi-
tion, we show the distribution of eccentricities in rela-
tion to center-of-mass velocities to support the statement
that high velocity systems (& 150 km/s), which are not
wide (< 700R), quickly circularise (e ≈ 0), whereas
wide systems (> 1000R) can eccentric eccentric (up to
e ≈ 1).
4.4. Detection probability
Although about a hundred nBHBs are predicted to be
observed by Gaia during its 5-year-long mission, not all
of these systems may be recognised as such, due to pro-
jection effects. For example, a projected eccentric binary
may have a semi-major axis (aproj) smaller than the semi-
major axis of the original orbit. It may not only make the
astrometric motion of the nBHB unobservable by Gaia,
as included in our study, but also hinder the posterior
analysis which is necessary in order to obtain the invisi-
ble object’s mass.
Providing the orbital orientation and companion’s
mass can be inferred from the observations, the hidden
object’s mass can be calculated from the equation (see
also Andrews et al. 2019):
M3prim
(Mcomp +Mprim)2
=
4pi2
GP 2orb
a3comp, (9)
where G is the gravitational constant and Mprim is the
mass of a hidden primary (a BH candidate in our case).
Gaia will observe every object on average ∼ 75 times,
which may provide enough data to constrain the orbital
orientation. Otherwise, aproj gives only a lower limit for
acomp. Nonetheless, nBHBs observable by Gaia are ex-
pected to by nearly circular in most cases, because the
tidal interactions during the MT phase proceeding the
BH formation should circularise even very eccentric or-
bits, unless the natal kick was very strong and the orbit
is wide. Therefore, as a first approximation we may as-
sume acomp ≈ aproj for nBHB candidates. Andrews et al.
(2019) calculated that, for a companion mass of 10M,
nBHB with a BH of mass 10M should be detectable at
least to a distance of 1 kpc. We find that heavier com-
panions are expected to form a bulk of the Gaia sample
and they are observable mostly from the vicinity of the
Galactic bulge, which goes beyond their tested distance
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range.
The other significant problem is the mass of the visible
star. In many cases it can be estimated by fitting its
spectra to these calculated for single stars, e.g. from
PARSEC tracks or single star population synthesis. We
note that not only are such fits typically not very precise,
but also the evolution of a star in a binary system can be
affected by interactions with the companion. Actually,
for nBHB progenitors such interactions are expected to
be typical (Table 4). Fortunately, in most case the mass
transfer occurs when the companion is still on its MS. For
MS stars, the MT results in rejuvenation of the accretor,
because it has enough time to adapt to the increase of
its mass and continue its evolution similarly to a single
star of accordingly higher mass.
In general, or when the orbital orientation and com-
panion mass have not been derived from the observa-
tions, we can estimate the absolute lower limit on the
mass of the invisible companion as:
Mprim > Mprim,min =
4pi2
GP 2orb
a3proj. (10)
if Mprim,min is higher than 2.5–3.5M (theoretical up-
per limits for the NS mass) and, simultaneously, the dis-
tance to the system is lower than the distance at which a
ZAMS star of mass Mprim,min will have apparent magni-
tude equal to Gaia’s limiting magnitude of 21 mag (stars
generally tend to increase their luminosity during their
evolution), the system contains a plausible BH candidate.
We note that Porb < 5 yr is a limit imposed by the
mission duration, not by any physical constraints. Even
binaries with longer orbital periods can be detected with-
out their orbit being fully covered by observations, and
their parameters will be constrained (Lucy 2014; Docobo
et al. 2018). The ability to detect longer orbits may sig-
nificantly increase the detection rate of nBHB by Gaia.
The bolometric correction for red supergiants (RSG;
Teff . 4000 K) can be significant (Jordi et al. 2010).
However, RSGs constrain only a small fraction of the
Gaia sample. First of all, the RSG phase is very short in
comparison to the MS or WD phases and solar metallic-
ity massive stars (> 40M) never expand significantly
enough to become SGs due to significant mass loss. Sec-
ondly, RSGs progenitors reach radii of 100s to 1000s R
during their evolution. For high metallicity stars this oc-
curs by the time the star finishes CHeB and is able to
reach high central temperatures necessary for large lu-
minosities (e.g. Wiktorowicz et al. 2019b; Klencki et al.
2020). Additionally, RLOF can remove the outer lay-
ers of the stars, raising their effective temperatures. On
the other hand, recent simulations (e.g. Laplace et al.
2020) show that the hydrogen envelope may not be fully
removed, and the star’s reminding envelope can still ex-
pand significantly. To sum up, if the bolometric correc-
tion is applied to our results this shouldn’t influence sig-
nificantly the predicted Gaia sample, although we agree
that the values we provide should be considered as an
upper limit.
Interpreting the LAMOSTspectroscopic observations
suffers from a similar problem as Gaia’s astrometric mea-
surements. The observed RV variations depend on the
inclination,
K = 50.6 km s−1 sin i (acomp/R)(Porb/day)−1(1−e2)−0.5.
(11)
So RV variations from any nBHB visible face-on (incli-
nation i ≈ 0) will be undetectable and a mass function
calculated from the orbital period and observed RV vari-
ations gives only the lower limit for the invisible star’s
mass. Additional measurements that allow estimating
the orbital orientation (in the case of LAMOST, only
inclination is needed) and the visible star mass are nec-
essary to constrain the invisible object mass. If this is not
possible, and we are left only with a lower limit coming
from the mass function. Than a the similar argument as
for Gaia (see above), but with limiting magnitude appro-
priate for LAMOST (mlim = 16 for the current survey),
allows us to indicate BH candidates.
In our analysis, we assumed that LAMOST will be able
to observe all binaries that are within detection limits
(which is the LAMOST sample). However, the number
of fibres limits the number of sources that are observed
each night and the number of measurements for a sin-
gle source is limited. For the current low-resolution sur-
vey, the majority of objects are being observed only three
times during the same night (cadence of 40–120 minutes),
which limits the periods for which RV variations can be
detected to. 1 day. Such binaries constitute only a small
fraction of the predicted observable LAMOST sample
(a . 10R; see Fig. 4, upper-right panel). The situation
can change for the upcoming medium-resolution survey
in which majority of objects are going to be observed
∼ 60 times during a more than 5-year-long observational
campaign. Nevertheless, detected RV variations, unless
a RV curve can be fitted, can give only lower limits for
the intrinsic values of K = vrot sin i. Therefore, some
observable binaries, which are included in the LAMOST
sample, may remain undetected due to rare data cover-
age. Our evolutionary models, supported by statistical
analysis find that typical spectroscopic binaries in LAM-
OST sample have large separations (thus, large orbital
periods, Porb & 1 yr; Fig. 4). Therefore, regular ob-
servations, even if sparse, can prove more efficient for
nBHB detection than one-night short-cadence ones. On
the basis of our results we can deduce that, if we focus on
finding nBHBs and can make only a few observations of
one object, a recurrent observations every ∼ 1 year that
can detect RV variations for typical nBHBs in the LAM-
OST sample are a more promising way to detect these
sources, which can be realised in forthcoming surveys.
5. SUMMARY
Using the recently published database of model pre-
dictions for BHs in different stellar environments (Wik-
torowicz et al. 2019b), we have constructed a popula-
tion of nBHBs in the Galaxy using realistic models of
the MW’s SFH, chemical evolution, and spatial distri-
butions of stars in different Galactic components (thin
and thick disks, halo, and bulge). We applied observa-
tional constraints to theoretical evolutionary models in
order to calculate the detection rates and properties of
nBHBs detectable by Gaia and LAMOST. In such a way
we can use observations to constrain the theory. To ac-
count for uncertainties in stellar and binary evolution, we
analysed a range of realistic models that provide a better
21
insight into the importance of evolutionary processes on
the predictions. To give a broader picture, we discussed
how future mission can improve our detection rates of
nBHBs.
Specifically, we estimated the total number of BHs in
nBHBs present in the Galaxy today as 1.5×105–3.2×106
depending on the evolutionary model employed. How-
ever, only a small fraction (. (0.05%) of these nBHBs
can be detected by spectroscopic or astrometric observa-
tions of companion stars. We predict that Gaia is able to
detect ∼ 41–340 nBHBs within 5 years, whereas LAM-
OST is expected to detect less than 14 nBHBs in 10
year’s time. The significantly lower detection rate for
LAMOST comes mainly from the fact that its field of
view encompasses only ∼ 6% of the Galaxy’s stars.
If the possibility of detecting incomplete orbits is taken
into account (e.g. Lucy 2014), the numbers may be signif-
icantly larger, as many nBHB are predicted to have orbits
wider than 5–10 yr. On the other hand, the poorly con-
strained star formation history, especially recently, sig-
nificantly affects the estimates. For example, if the recent
star formation is as low as ∼ 1Myr−1 (e.g. Robitaille
& Whitney 2010), the estimated numbers of nBHB de-
tections for Gaia will drop to ∼ 10–70.
Although the typical predicted masses of BHs in
nBHBs are similar for both instruments (∼ 7–8M) typ-
ical companion masses differ significantly. In the pre-
dicted Gaia sample, massive OB stars with masses above
30M dominate, whereas for LAMOST these are mostly
low mass (. 4M) main sequence stars. We note that
the separations in nBHBs observable by Gaia are ex-
pected to by much larger (∼ 1000–2000R), than by
LAMOST (∼ 10–1000R), mainly the different require-
ments for the detection.
These predictions depend on evolutionary models en-
capsulated in population synthesis results and models of
the Galaxy, both of which can introduce significant er-
rors which are hard to estimate. However, the method
we have developed is flexible enough to include future
advancements in stellar and binary evolution, and the
Milky Way composition and history.
We show how important are the treatments of binary
interactions, SFH, metallicity, and spatial distribution
of stars for the predictions of observational properties of
nBHBs. The majority of Galactic stars are located in
the vicinity of the bulge (D ≈ 8 kpc), therefore observ-
able only if their luminosities are higher than ∼ 400L.
These stars can be very young as a part of the thin
disk and typically have ∼solar metallicity. Less lumi-
nous stars are potentially detectable only in the vicin-
ity of the Sun, where the stellar number density is much
smaller. Stars of low metallicity are typically old and can
be observed mainly in thick disk and halo, where only a
small fraction ∼ 10% of Galactic stars are located. Con-
sequently, inclusion of realistic Galactic properties can
significantly change the estimates in comparison to sim-
plified models, especially when old or massive stars are
involved. In our work we used recent estimates for these
properties and adopted a novel method to include them
in population studies. Future detections of nBHBs by
Gaia, LAMOST, and other surveys may put strong con-
straints on binary star evolution and population synthe-
sis models.
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